LEAFY COTYLEDON1 (LEC1) is a central regulator that is required for many aspects of Arabidopsis embryogenesis and sufficient to induce embryo development in vegetative cells when expressed ectopically. We previously showed that LEC1 encodes an HAP3 subunit of the CCAAT binding factor and that the 10 Arabidopsis HAP3 (AHAP3) subunits can be divided into two classes, the LEC1-type and the non-LEC1-type, based on sequence similarity within their B domains. By analyzing the ability of chimeric HAP3 subunits containing different combinations of domains from LEC1 and a non-LEC1-type AHAP3 subunit to suppress genetically the lec1 mutation, we show that the B domain of LEC1 is necessary and sufficient within the context of the protein for its activity in embryogenesis. Moreover, we identify one amino acid residue, Asp-55, specific to the LEC1-type B domain that is required for LEC1 activity in embryogenesis and sufficient to confer partial LEC1 activity to a non-LEC1-type B domain. Based on structural similarities between the HAP3 B domain and histone fold motif, we discuss how the Asp-55 residue may functionally differentiate LEC1 from the non-LEC1-type AHAP3 subunits. E mbryogenesis is a critical period of the flowering plant life cycle during which the single-celled zygote proliferates and undergoes a series of differentiation events, resulting in the formation of a mature embryo. During the early phase of embryogenesis, the polarity of the plant is expressed as the shoot-root axis and the embryonic tissue and organ systems are formed (1-4). Late in embryogenesis, the embryo acquires the ability to withstand desiccation, the seed accumulates storage reserves that serve as food sources after germination, and the embryo becomes quiescent metabolically as a result of seed desiccation (5, 6). Embryo development has been analyzed extensively, and many genes involved in events that characterize embryogenesis have been identified (7). However, little is known at a mechanistic level about the processes that control and coordinate these developmental events.
mbryogenesis is a critical period of the flowering plant life cycle during which the single-celled zygote proliferates and undergoes a series of differentiation events, resulting in the formation of a mature embryo. During the early phase of embryogenesis, the polarity of the plant is expressed as the shoot-root axis and the embryonic tissue and organ systems are formed (1) (2) (3) (4) . Late in embryogenesis, the embryo acquires the ability to withstand desiccation, the seed accumulates storage reserves that serve as food sources after germination, and the embryo becomes quiescent metabolically as a result of seed desiccation (5, 6) . Embryo development has been analyzed extensively, and many genes involved in events that characterize embryogenesis have been identified (7) . However, little is known at a mechanistic level about the processes that control and coordinate these developmental events.
LEAFY COTYLEDON1 (LEC1) is a central regulator of Arabidopsis embryogenesis that controls many different aspects of embryo development (reviewed in 8). Early in embryogenesis, LEC1 is required to maintain the fate of embryonic cells that constitute the suspensor and to specify the identity of cotyledons, the embryonic leaves (9) (10) (11) . During late embryogenesis, LEC1 is needed for many events involved in seed maturation, including the acquisition of desiccation tolerance and the accumulation of storage reserves (11) (12) (13) (14) . LEC1 also plays an essential role by preventing immature seeds from germinating prematurely. Significant insight into the role of LEC1 in embryo development came with the finding that ectopic LEC1 expression was sufficient to confer embryonic characteristics to seedlings and to induce somatic embryo development from vegetative cells (10) . Thus, LEC1 plays multiple essential roles both early and late in embryo development and establishes a cellular environment that promotes embryo development.
LEC1 shares significant sequence identity with the HAP3 subunit of the CCAAT binding factor (CBF, also known as NF-Y) (10) . CBFs are evolutionary conserved oligomeric transcription factors that contain three nonidentical subunits called HAP2 (CBF-B, NF-YA), HAP3 (CBF-A, NF-YB), and HAP5 (CBF-C, NF-YC) that interact to form a complex that binds the CCAAT DNA motif (reviewed in refs. 15 and 16) . Yeast possess a fourth subunit, HAP4, that provides a transcriptional activation domain to the complex (17) whereas in mammals, this domain has been incorporated in the CBF-B and CBF-C subunits (18) . Although a functional, plant CBF complex has not yet been isolated, several lines of evidence suggest its existence. First, activities that bind CAAT and CCAAT DNA sequences have been identified in plant nuclear extracts (19, 20) . Second, genes encoding proteins with significant sequence identity to the functional domains of HAP2, HAP3, and HAP5 subunits have been identified in plants, though no HAP4 subunit has been identified (19) (20) (21) (22) (23) 34) . Third, an Arabidopsis HAP2 (AHAP2) subunit suppresses a hap2 mutation of yeast, suggesting that the plant protein interacts functionally in the CBF complex (23) . Thus, LEC1 is likely to regulate embryogenesis through its role as a subunit of a transcription factor that modulates the activity of genes required for embryo development.
HAP3 subunits, including LEC1, consist of three regions, the A, B, and C domains, with the central B domain being conserved throughout eukaryotic evolution. The B domain possesses amino acid residues required for interaction of HAP3 with other CBF subunits and for DNA-binding activity of the CBF complex (24) (25) (26) . Unlike yeast and mammals, plants possess families of genes that encode each CBF subunit (20, 22, 23) . We showed previously that the 10 AHAP3 subunits could be divided into two classes on the basis of sequence similarity in the B domain: the LEC1-type, consisting of LEC1 and LEC1-LIKE (L1L), and the non-LEC1-type comprising the remaining subunits (22) . Specifically, LEC1-type B domains possess 16 shared residues that differ from conserved residues found at equivalent positions in non-LEC1 type AHAP3 B domains, as shown in Fig. 1 . We also showed that L1L, but not genes encoding non-LEC1-type AHAP3 subunits, could suppress the lec1 mutation when expressed ectopically, suggesting that the two LEC1-type proteins are functionally equivalent. Thus, LEC1-type AHAP3 subunits appear to function differently than their non-LEC1-type counterparts.
To begin to understand how LEC1 differs from non-LEC1-type AHAP3 subunits at a mechanistic level, we identified amino acid residues required for LEC1's specific function in embryogenesis. We show that the B domain of LEC1 is required for its function in embryo development and identify a specific B domain residue critical for its activity. Implications of these studies for the mechanism by which the CBF containing LEC1 regulates genes required for embryogenesis are discussed.
Materials and Methods
Plant Material. Wild-type and lec1-1 mutant plants of Arabidopsis thaliana (L.) Heynh ecotype Wassilewskija lines were grown as described (11) . cDNA was then amplified by using the end primers, LEC1A-F and At4gC-R, that each contain restriction enzyme sites for cloning. After nucleotide sequencing to confirm the correct ORF, constructs were inserted into the LEC1 expression cassette (22) . Specific details for preparation of other constructs are available on request.
Site-Directed Mutagenesis. Amino acid substitution mutants of LEC1 were created by using a modification of the method described above. For example, to replace Met 34 of LEC1 with Leu, LEC1 cDNA was amplified with the primer pairs LEC1 A-F (5Ј-CCCGGGGAGATCTATGACCAGCTCAGTCATAG-TAGC-3Ј)͞LEC1M34L-R (5Ј-CGTTTGCGATTGGAAGG-TATTGGTCTTGC-3Ј) and LEC1 M34L-F (5Ј-AGCAAGAC-CA ATACCT TCCA ATCGCA A ACG-3Ј)͞LEC1 C-R (5Ј-GGGCCCCTAGGTCTTCACTTATACTGACCATAATGG-3Ј), where the positions of the substitution is underlined. The two PCR products were annealed and amplified by using LEC1 A-F and LEC1 C-R, and inserted into the LEC1 expression cassette after the nucleotide sequence was confirmed. Additional details are available on request.
Genetic Suppression Assay. Constructs were transferred into homozygous lec1-1 mutants by using Agrobacterium tumefaciens strain GV3101 and in planta transformation procedures (27) . T 1 seeds from T 0 plants were dried for 2 weeks at 28°C and plated on selection media containing 20 g͞ml hygromycin or 60 g͞ml glufosinate ammonium (Finale, AgrEvo Environmental Health, Montvale, NJ). The number of viable seedlings was counted, and their genotypes were verified in PCR amplification experiments.
Results

Domain-Swap Experiments Reveal that the LEC1 B Domain Is Critical
for Its Function. Given that LEC1 and non-LEC1-type AHAP3 subunits serve different roles during plant growth and development (22), we sought initially to identify the regions that distinguish the two proteins functionally. All HAP3 proteins, including LEC1, consist of three domains, an N-terminal A domain, a central B domain, and a C-terminal C domain, with the B domain being required for DNA binding and interaction with other CCAAT binding factor subunits (25, 26) . LEC1 does not share significant sequence identity with any other AHAP3 subunit in the A or C domains (22) .
To identify the domain that underlies LEC1 activity in embryogenesis, we took advantage of the modular structure of AHAP3 subunits and constructed six fusion proteins that possessed all possible combinations of A, B, and C domains from LEC1 and the non-LEC1-type AHAP3 subunit encoded by At4g14540. This non-LEC1-type AHAP3 subunit was chosen because previous studies showed that it is distantly related to LEC1 and it cannot substitute for LEC1 when expressed ectopically (22) . Constructs encoding these chimeric proteins were inserted into a LEC1 expression cassette that contains 1,997 bp of 5Ј and 774 bp of 3Ј untranslated and flanking regions of the LEC1 gene (22) . To determine which of the chimeric proteins possessed LEC1 activity, the constructs were tested for their ability to suppress the lec1 mutation in planta by transferring the constructs into lec1-1 null mutant plants in which the LEC1 gene has been deleted (10) . Homozygous lec1-1 mutant seeds do not germinate because their embryos are intolerant of desiccation and die on drying, though immature seeds can be rescued before silique drying and germinated to produce vegetatively growing plants (9, 11) . Thus, genetic suppression is indicated by the ability of transgenic lec1 mutant seeds to germinate after desiccation and give rise to viable seedlings.
Control experiments showed that lec1 mutant plants transformed with the LEC1 gene by using the infiltration method produced an average of 0.6% viable seeds (Fig. 2, construct 1 ). This value reflects both the transformation efficiency of the infiltration method (27) and the ability of the LEC1 transgene to suppress the lec1 mutation efficiently. By contrast, plants transformed with At4g14540 in the LEC1 expression cassette did not give rise to viable seeds (Fig. 2, construct 2) , confirming that this non-LEC1-type AHAP3 subunit cannot suppress the lec1 mutation and that the suppression strategy is valid (22) .
The most striking results were obtained with chimeric proteins that had their B domains exchanged. , was significantly lower (0.03%, Student's t test, P Ͻ 0.005) (Fig. 2, construct 4) . Control experiments showed that all domain-swap constructs were competent to transform wild-type plants at a frequency similar to a vector-only control and that wild-type plants containing these constructs germinated with near 100% efficiency. These results indicate that the constructs were transformation competent and that the chimeric proteins did not have a negative effect on embryo or seedling growth (data not shown). Although a small number of lec1 mutant embryos containing the (Fig. 2,  constructs 7 and 8) . Unlike the B and C domain-swap experiments described above, no positive result showing sufficiency was obtained with this pair of constructs to corroborate the loss-of-function result showing necessity, making interpretation of these results difficult. For example, it is not clear whether the A domain influences LEC1 activity or whether the chimeric proteins do not fold or accumulate properly. The finding that the LEC1 A and C domains are not sufficient within an AHAP3 subunit to confer LEC1 activity is consistent with the conclusion that the LEC1 B domain primarily underlies its activity in embryogenesis.
Identification of B Domain Residues Required for LEC1 Function. LEC1 and non-LEC1-type AHAP3 subunits can be distinguished on the basis of specific amino residues within the B domain that are highlighted in red in Fig. 1 (22) . To determine which of these residues are important for LEC1 function, we substituted residues specific for LEC1 with those conserved at corresponding positions Fig. 2 . LEC1 B domain is necessary and sufficient for its activity in embryogenesis. The diagrammatic representation shows LEC1 (construct 1), the non-LEC1-type AHAP3 subunit, At4g14540 (construct 2), and chimeric proteins containing A, B, and C domains from LEC1 (L) or At4g14540 (N). Constructs encoding these chimeric proteins were transformed into lec1-1 null mutants and, after drying of the T 1 seeds, the number of viable seedlings generated from seeds tested (shown in parentheses) was determined. Transformation experiments were repeated multiple times with similar results, and the total values for all experiments are reported. in non-LEC1-type AHAP3 subunits. For example, the Met at position 34 of LEC1 was replaced with the Leu present at the corresponding position in all non-LEC1-type B domains to create LEC1 (M34L). We focused on those residues that significantly changed the chemical properties of the LEC1-specific amino acid residues. cDNA clones encoding mutant forms of LEC1 with amino acid substitutions were inserted into the LEC1 expression cassette and transferred into lec1-1 null mutants to assess their ability to suppress the lec1 mutation.
As summarized in Table 1 , constructs encoding mutagenized LEC1 proteins with single amino acid substitutions of Met at position 34 for Leu (M34L), Arg for Lys (R44K), His for Asn (H50N), Asn for Ser (N77S), or Gln for Lys (Q84K) suppressed the lec1 mutation, resulting in the production of between 0.4% and 0.8% viable seedlings. Replacement of the Thr (T)-Ala (A)-Glu (E) residues at positions 89-91 with Asn (N)-Gly (G)-Asp (D) resulted in the production of 0.4% of viable seedlings. These results suggested that the amino acid residues at these positions are not absolutely required for LEC1 function.
By contrast, substitution of Asp at position 55 with lysine (D55K) severely compromised the ability of the LEC1 construct to suppress the lec1 mutation, resulting in a 40-fold decrease in the recovery of viable seedlings (0.01%; Table 1 ). Experiments showed that this construct transformed wild-type plants at a frequency similar to that of a control plasmid, indicating that it was not defective. This result suggests that the Asp-55 residue is critically required for LEC1 function. Our previous studies showed that AHAP3 subunits can be divided into at least two classes, LEC1-type and non-LEC1-type, based primarily on sequence differences in their B domains (22) . Here we provide two lines of evidence that strongly support the hypothesis that the B domain is primarily responsible for differentiating LEC1 functionally from non-LEC1-type AHAP3 subunits. First, the ability of N A -L B -N C to rescue desiccation intolerance and morphological defects of lec1 mutant embryos strongly suggests that the LEC1 B domain is sufficient for LEC1 activity within the context of the A and C domain (Fig. 2) . Consistent with this conclusion, all constructs without the LEC1 B domain did not rescue lec1 mutant defects efficiently, suggesting that the LEC1 B domain is necessary for its function.
L1L, the only other AHAP3 subunit with a LEC1-type B domain, but not two non-LEC1-type AHAP3 subunits suppresses the lec1 mutation when expressed from the LEC1 expression cassette and confers embryonic characteristics to seedlings when driven by the cauliflower mosaic virus 35S promoter (22) . Because LEC1 and L1L do not exhibit sequence identity in their A and C domains, this finding provides additional evidence that the B domain differentiates LEC1 and non-LEC1-type AHAP3 subunits functionally.
We note that neither the L *Mutant forms of LEC1 are designated with the wild-type amino acid and its position within LEC1, followed by the amino acid that was inserted. cDNA clones encoding LEC1 with the indicated single or triple amino acid substitutions were fused with LEC1 5Ј and 3Ј flanking sequences and transferred into lec1-1 mutants. † T1 lec1-1 seeds were collected and dried for 2 weeks at 28°C before germination tests were performed. Values obtained reflect the ability of the construct to suppress the lec1 mutation and the transformation efficiency. For the wild-type LEC1 gene, this value was 0.6 (see Fig. 2 ). The total number of viable seedlings obtained and seeds tested in all experiments are given in parentheses. Independent replicates of transformation experiments gave values similar to the percentages reported here. (D55K) to suppress the lec1 mutation efficiently does not result from instability of the mutagenized proteins. Because L A -N B -L C (K55D) does not completely suppress the lec1 mutation, it is likely that other LEC1-specific B domain residues also play important roles in conferring LEC1 activity.
Thus, the B domain differentiates LEC1 functionally from non-LEC1-type AHAP3 subunits. Because yeast and mammalian B domains are more closely related to non-LEC1-type than LEC1-type B domains (22) , these results suggest that LEC1 represents a previously undescribed class of HAP3 subunit.
Role of Asp-55 in Determining LEC1 Activity. Results of the domainswap and site-directed mutagenesis studies show that the B domain differentiates LEC1 functionally from non-LEC1-type AHAP3 subunits. The B domain is required for the interaction of yeast and mammalian HAP3 subunits with the other CBF subunits, HAP2 and HAP5, and for the DNA binding activity of the CBF complex (24) (25) (26) . Several alternatives could explain how the LEC1 B domain confers unique activity to the CBF (22) . First, the LEC1 B domain may affect the DNA binding specificity or binding affinity of the CBF complex. Second, because Arabidopsis possesses 10 and 9 genes encoding AHAP2 and AHAP5 subunits, respectively, the LEC1 B domain may bind with a specific combination of these other two subunits to form a CBF that activates genes required for embryogenesis. Third, the LEC1 B domain may recruit another transcription factor to confer a unique activity to the CBF complex. AHAP2, -3, and -5 subunits do not possess obvious transcriptional activation domains, as do the mammalian HAP2 and HAP5 subunits (18) . A different subunit may be necessary to provide a transcriptional activation function to the CBF complex or to alter its binding specificity.
Our finding that Asp-55 of LEC1 is critical for its function provides insight into how the LEC1 B domain may confer unique activity to the CBF complex. The B domain of HAP3 subunits shares sequence identity with the histone fold motif of histone H2B, a structurally conserved region consisting of three ␣ helices (␣1, ␣2, and ␣3) connected by two short loops (L1 and L2, see Fig. 1) (26, 28) . The histone fold motif mediates protein-protein and DNA binding interactions (29) (30) (31) (32) . For example, the HAP3 histone fold motif mediates heterodimerization with the histone H2A-like histone fold motif of HAP5 as the first step in CBF assembly (33) . Although LEC1 possesses amino acid residues that differentiates it from other AHAP3 subunits, it retains residues characteristic of the histone fold motif.
Sequence alignment of the B domain and histone H2B positions Asp-55 of LEC1 at the junction between L1 and ␣2-helix of the histone fold motif (Fig. 1) . Based on the three-dimensional structure of the nucleosome core particle, the amino acid residue at this position is located on the surface of the histone octamer complex in a region that contacts DNA (29, 31) . Assuming that Asp-55 is located similarly in the CBF containing LEC1, this result supports the hypothesis that Asp-55 of the LEC1 B domain may affect the DNA binding specificity or affinity relative to that of non-LEC1-type AHAP3 subunits. In support of this hypothesis, it has been shown that the histone fold motif of the HAP3 subunit contributes to the CCAAT specificity to the complex, though the ␣1 helix has been implicated to play a primary role (32) . Moreover, substitution of the Lys residue at the corresponding position of the rat HAP3 subunit with Ala did not affect its ability to interact with HAP2 and HAP5 subunits but, rather, altered the DNA binding activity of the CBF complex (26) . Together, these findings open the possibility that the CBF containing LEC1 may regulate genes required for embryo development by binding a different DNA consensus sequence than a CBF containing a non-LEC1-type AHAP3 subunit. Because Asp-55 is predicted to be on the surface of LEC1, we cannot formally exclude the possibility that Asp-55 acts in the LEC1 B domain to mediate specific interactions with other CBF subunits or with other transcription factors (26) . Additional studies about the components of LEC1-CBF and identification of the complex's target sequence are necessary to define precisely how Asp-55 contributes to the unique function of the CBF containing LEC1 during embryogenesis.
Note Added in Proof.
A recent publication (35) confirms that the HAP3 (NF-YB) and HAP5 (NF-YC) subunits from humans interact through their histone fold motifs and that the residue corresponding to Asp-55 of LEC1 is located at the junction between L1 and ␣2.
